Background {#Sec1}
==========

Cervical radiculopathy is defined as pain in a radicular pattern in one or both upper extremities related to compression and/or irritation of one or more cervical nerve roots secondary to disc herniation or lateral foraminal stenosis \[[@CR1]\]. Various degrees of sensory, motor, and/or reflex change in the upper extremity are the common signs and symptoms. Surgical intervention is suggested for rapid pain relief for cervical radiculopathy when compared with non-surgical treatments \[[@CR2], [@CR3]\].

Anterior cervical discectomy and fusion (ACDF) is considered to be the "gold standard" surgical intervention by many surgeons and is proved to be an effective treatment for cervical radiculopathy \[[@CR4], [@CR5]\]. However, the disadvantages of ACDF, including adjacent segmental diseases, pseudoarthrosis, instrument-related compilation, and ventral approach-related complications should be also taken into account \[[@CR6]--[@CR8]\].

Posterior cervical foraminotomy (PCF) is an alternative surgical approach for the treatment of cervical radiculopathy. The posterior approach can avoid the ventral approach-related complications, such as postoperative dysphagia, hematoma, and recurrent laryngeal nerve palsy. Moreover, PCF can preserve the range of motion in the operated segment and impose less stress on the adjacent segment \[[@CR9], [@CR10]\]. However, it was reported that PCF is associated with a higher incidence of reoperation \[[@CR10]\]. Recently, PCF can be performed through a minimally invasive approach (MI-PCF) using tubular retractor or endoscopy, and the effectiveness of MI-PCF is considered to be equivalent to open PCF \[[@CR11]\].

Many studies have compared the outcomes of ACDF with PCF for the treatment of cervical radiculopathy in recent years. However, controversial outcomes were reported on those studies and no consensus can be reached till now. Although 2 previous meta-analyses comparing MI-PCF and ACDF have already published in the last 2 years, both of them have limitations in methodology. Sahai et al. conducted a meta-analysis of MI-PCF outcome data from 14 non-comparative studies, and the pooled outcomes were compared to those of ACDF cohorts obtained from two previously published studies \[[@CR12]\]. However, great selecting bias may exist because all of the MI-PCF data came from non-comparative studies without ACDF controlled group. Another meta-analysis of randomized controlled studies was published by Gutman et al. in 2018, but only 1 RCT was included in that study and hence meta-analyses for all clinical outcomes could not be performed indeed \[[@CR13]\]. Therefore, we performed a meta-analysis of recent comparative studies to compare the clinical outcomes, complication, and reoperation rate between these two approaches.

Methods {#Sec2}
=======

Inclusion and exclusion criteria {#Sec3}
--------------------------------

Studies were included if they met the following inclusion criteria: (1) randomized or nonrandomized comparative studies, (2) patients who diagnosed with single-level unilateral cervical radiculopathy, (3) comparative data between ACDF and PCF were available, and (4) sample size was bigger than 10.

Studies were excluded according to the following exclusion criteria: (1) patients with multilevel or bilateral cervical radiculopathy; (2) patients with cervical myelopathy, instability, trauma, tumor or infection; and (3) patients who had previous cervical surgery.

Search strategies {#Sec4}
-----------------

A computerized search was conducted on electronic databases of PubMed, Scopus, and the Cochrane Library. The following search terms were used: "anterior," "discectomy," "fusion," "posterior," "foraminotomy," "laminoforaminotomy," "keyhole," and "cervical," with combinations of the Boolean operators "AND" and "OR." The date of publication of studies was limited from January 1990 to July 2019. References of relevant review articles were checked additionally to identify more underlying studies.

Data extraction {#Sec5}
---------------

Data were extracted from included studies by two investigators independently. Disagreements were solved by further discussion. The following data were extracted: demography information, clinical outcomes, amounts of complication and reoperation, operation time, intraoperative blood loss, length of hospital stay, and total hospital costs. To assess the clinical outcomes of cervical radiculopathy, the Neck Disability Index (NDI) and visual analog scale (VAS) are recommended \[[@CR1]\]. The extracted data had been rechecked to ensure accuracy.

Quality assessment {#Sec6}
------------------

The Newcastle-Ottawa Scale (NOS) \[[@CR14]\] was used for the quality assessment of non-randomized comparative studies, and the NOS is recommended by Cochrane Handbooks version 5.10 \[[@CR15]\]. The NOS uses a "star system" (maximum of nine stars) to assess the following three aspects: the selection of study groups, the comparability of study groups, and the ascertainment of the outcome of interest for cohort studies. The qualities of the studies were assessed by two investigators. RCTs and those non-randomized studies with six or more stars were considered to be of relatively high quality. After quality assessment, those low-quality studies would be excluded from the meta-analysis.

Data analysis {#Sec7}
-------------

The Review Manager software (RevMan 5.3, The Cochrane Collaboration, Oxford, UK) was used for statistical analysis. Continuous variables were reported as weighted mean difference (WMD) and 95% confidence interval (95%CI), while dichotomous variables were reported as odds ratios (OR) and 95%CI. The random effects model was used if there was heterogeneity (*I*^2^ ≥ 50% in heterogeneity test) among studies; otherwise, the fixed effects model was used (*I*^2^ \< 50% in heterogeneity test). Extracted data were entered into computer, rechecked, and analyzed by two investigators independently.

Included studies were divided into 2 subgroups according to the surgical technique applied in the PCF group: the open subgroup (ACDF VS open-PCF) \[[@CR9], [@CR16]--[@CR25]\] and the MI subgroup (ACDF VS MI-PCF) \[[@CR10], [@CR26]--[@CR28]\].

Results {#Sec8}
=======

Search result {#Sec9}
-------------

This meta-analysis has been reported according the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement \[[@CR29]\]. A total of 506 relevant studies were identified from the electronic database, of which 320 studies were obtained after the removal of duplicated studies. Based on the title and abstract, 277 studies were excluded. After careful full-text evaluation of the remaining 43 studies, 15 studies including 54107 cases met the predefined inclusion criteria and were included in the final synthetic analysis (Fig. [1](#Fig1){ref-type="fig"}). Three of them were randomized controlled trials \[[@CR24], [@CR25], [@CR28]\], and the other 12 studies were non-randomized comparative studies \[[@CR9], [@CR10], [@CR16]--[@CR23], [@CR26], [@CR27]\]. The basic characteristics of the included studies are shown in Table [1](#Tab1){ref-type="table"}. Concerning baseline differences, we found that patients in the PCF group were younger (*P* \< 0.00001), with significantly more male patients (*P* = 0.03). No statistical differences were found on preoperative VAS-neck, preoperative VAS-arm, and preoperative NDI score between the two groups. Fig. 1Flow diagram of study selectionTable 1Basic characteristics of included studiesStudiesStudy typeCountryGroupSample sizeMean age (years)Gender (Male)Follow up (month)Alvin et al. \[[@CR20]\]RetrospectiveUSAACDF4549.3 ± 9.628 (62.2%)12open PCF2546.5 ± 11.215 (60.0%)12Cho et al. \[[@CR9]\]RetrospectiveKoreaACDF3049.7 ± 10.417 (56.7%)61.2 ± 20.2open PCF3152.4 ± 9.622 (71.0%)62.6 ± 19.9Dunn et al. \[[@CR26]\]RetrospectiveUSAACDF21046.6 ± 6.695 (45.2%)44.9 ± 10.3MI-PCF4946.9 ± 10.338 (77.6%)42.9 ± 6.6Forster et al. \[[@CR18]\]RetrospectiveUKACDF63449 ± 12313 (49.4%)24open PCF5450 ± 1117 (31.5%)24Herkowitz et al. \[[@CR25]\]RCTUSAACDF1743 (26--52)NA60.4 (19.2--98.4)open PCF1639 (21--50)NAKorinth et al. \[[@CR23]\]RetrospectiveGermanyACDF12445.9 ± 8.273 (58.9%)72.1 ± 25.9open PCF16846.9 ± 10.498 (58.3%)Lin et al. \[[@CR10]\]RetrospectiveKoreaACDF5552.5 ± 10.731 (56.4%)39.5 ± 13.5MI-PCF2153.1 ± 11.914 (66.7%)35.9 ± 16.6Mansfield et al. \[[@CR27]\]RetrospectiveUSAACDF7949 (24--75)35 (46.1%)NAMI-PCF2249 (31--69)12 (57.1%)NAMok et al. \[[@CR17]\]RetrospectiveUSAACDF81651.2 ± 11400 (49.0%)NAopen PCF14553.8 ± 9.382 (58.2%)NARuetten et al. \[[@CR28]\]RCTGermanyACDF86NANA24MI-PCF89NANA24Scholz et al. \[[@CR19]\]RetrospectiveGermanyACDF4050 ± 10.120 (50.0%)33 ± 18.4open PCF6751 ± 10.738 (56.7%)47 ± 16.4Selvanathan 2015 \[[@CR21]\]RetrospectiveUKACDF1504861 (40.7%)24 ± 1.4open PCF515034 (66.7%)25 ± 1.2Tumialan et al. \[[@CR22]\]RetrospectiveUSAACDF1939.3 (24--52)19 (100%)18.1 (6--34)open PCF1941.4 (27--56)17 (89.5%)11.2 (5--24)Wirth et al. \[[@CR24]\]RCTUSAACDF2541.714 (56.0%)2open PCF2243.89 (40.9%)2Witiw et al. \[[@CR16]\]RetrospectiveUSAACDF4614748.5 ± 9.621141 (45.8%)1open PCF485149.7 ± 9.72821 (58.2%)1*RCT* randomized controlled trial, *ACDF* anterior cervical discectomy and fusion, *PCF* posterior cervical foraminotomy, *MI* minimally invasive, *NA* not available

Quality assessment {#Sec10}
------------------

Quality assessment of included studies was conducted by two investigators independently and the argument was solved by discussion. All of the 12 non-randomized comparative studies got more than 7 stars on the NOS, which meant that these studies were of relatively high quality. The results of the quality assessment are summarized in Table [2](#Tab2){ref-type="table"} as well. Table 2Quality assessment of non-randomized comparative studiesStudySelectionComparabilityOutcomeTotalAlvin et al. \[[@CR20]\]4239Cho et al. \[[@CR9]\]3137Dunn et al. \[[@CR26]\]4138Forster et al. \[[@CR18]\]4239Korinth et al. \[[@CR23]\]4138Lin et al. \[[@CR10]\]4138Mansfield et al. \[[@CR27]\]3137Mok et al. \[[@CR17]\]4127Scholz et al. \[[@CR19]\]3037Selvanathan et al. \[[@CR21]\]3137Tumialan et al. \[[@CR22]\]3238Witiw et al. \[[@CR16]\]4127

Clinical outcomes {#Sec11}
-----------------

Data of postoperative NDI score was extracted from 3 studies \[[@CR10], [@CR19], [@CR26]\]. The total postoperative NDI score in the ACDF group was comparative with those in the PCF group (*P* = 0.61, WMD 0.28, 95%CI − 0.79 to 1.34; *I*^2^ = 16%; Fig. [2](#Fig2){ref-type="fig"}). Subgroup analysis showed similar results in an open subgroup (*P* = 0.11, WMD 3.10, 95%CI − 0.67 to 6.87) and MI subgroup (*P* = 0.96, WMD 0.28, 95%CI − 0.79 to 1.34). Fig. 2Forest plot of NDI between the ACDF group and PCF group

Data of VAS-neck was only available in 2 studies \[[@CR10], [@CR26]\] comparing ACDF with MI-PCF. No significant difference of postoperative VAS-neck was found between the 2 groups (*P* = 0.11, WMD 0.15, 95%CI − 0.03 to 0.34; *I*^2^ = 44%; Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Forest plot of VAS-neck between the ACDF group and PCF group

Data of VAS-arm was available in 5 studies \[[@CR9], [@CR10], [@CR19], [@CR20], [@CR26]\]. Since the postoperative scores of VAS-arm are not consistent with the reported *P* value in the manuscript, we excluded the data of VAS-arm from 1 study \[[@CR26]\]. PCF achieved similar postoperative VAS-arm compared with ACDF in both open (*P* = 0.11, WMD 0.61, 95%CI − 0.14 to 1.35; *I*^2^ = 0%; Fig. [4](#Fig4){ref-type="fig"}) and MI (*P* = 0.71, WMD 0.14, 95%CI − 0.29 to 0.57) subgroup analysis. Fig. 4Forest plot of VAS-arm between the ACDF group and PCF group

The degree of satisfaction (excellent or good outcomes) was reported in 6 studies \[[@CR10], [@CR19], [@CR23]--[@CR25]\], and there was no significant difference between the two groups (*P* = 0.36, OR 1.44, 95%CI 0.66 to 3.18; *I*^2^ = 46%; Fig. [5](#Fig5){ref-type="fig"}). Fig. 5Forest plot of patient satisfaction between the ACDF group and PCF group

Complications and reoperations {#Sec12}
------------------------------

Data of complications was available in 11 studies \[[@CR10], [@CR16], [@CR18]--[@CR23], [@CR25], [@CR26], [@CR28]\]. According to the statistical analysis, no significant difference was found in the complication rate between the two groups (*P* = 0.60, OR 1.15, 95%CI 0.68 to 1.94; Fig. [6](#Fig6){ref-type="fig"}). Data between studies was of low heterogeneity (*I*^2^ = 37%). The total complication rate of included studies was 4.23% in ACDF group and 4.55% in the PCF group. Fig. 6Forest plot of overall complication rate between the ACDF group and PCF group

There were 9 studies \[[@CR10], [@CR19], [@CR21], [@CR23], [@CR24], [@CR26]--[@CR28]\] that offered the data of reoperation. ACDF group has a statistically lower reoperation rate than those in the PCF group (*P* = 0.02, OR 0.54, 95%CI 0.33 to 0.91; *I*^2^ = 0%; Fig. [7](#Fig7){ref-type="fig"}). Fig. 7Forest plot of overall reoperation rate between the ACDF group and PCF group

Perioperative outcomes {#Sec13}
----------------------

Seven studies reported the data of operation time, 6 in the open subgroup \[[@CR9], [@CR19], [@CR21], [@CR26], [@CR27], [@CR29]\] and 1 in the MI subgroup \[[@CR11]\]. Compared to ACDF, open-PCF had shorter operation time (*P* = 0.001, WMD 12.8, 95%CI 4.91 to 20.68; *I*^2^ = 65%; Fig. [8](#Fig8){ref-type="fig"}a). Different from the result from the open subgroup, MI-PCF had similar operation time compared with ACDF (*P* = 0.61, WMD 3.90, 95%CI 4.27 to 19.08). Fig. 8Forest plot between the ACDF group and PCF group for **a** operation time, **b** intraoperative blood loss, and **c** length of hospital stay

Only 2 studies \[[@CR21], [@CR26]\] in the open subgroup reported the data of intraoperative blood loss, and no significant difference was found in such data (*P* = 0.40, WMD 71.89, 95%CI − 96.06 to239.83; *I*^2^ = 93%; Fig. [8](#Fig8){ref-type="fig"}b).

Data of length of hospital was extracted from 7 studies \[[@CR11], [@CR17], [@CR19], [@CR20], [@CR27], [@CR29], [@CR30]\]. The PCF group was associated with significantly shorter length of hospital than the ACDF group (*P* = 0.002, WMD 0.28, 95%CI 0.23 to 0.34; *I*^2^ = 24%; Fig. [8](#Fig8){ref-type="fig"}c).

Data of total hospital cost was reported in 3 studies \[[@CR17], [@CR22], [@CR30]\]. The total hospital cost of the PCF group was significantly less than that of the ACDF group (*P* = 0.01, WMD 7063.89, 95%CI 1468.19 to 12659.60; *I*^2^ = 99%).

Sensitivity analysis {#Sec14}
--------------------

We have conducted the sensitivity analysis to evaluate whether the relevant results would be changed when excluded the data from Witiw et al.'s study \[[@CR17]\], because majority of the included cases were from Witiw et al.'s study (*n* = 50998), which was far more than the sum of the other studies (*n* = 3109). When the Witiw et al.'s study was excluded in the sensitivity analysis, no changes were seen in terms of the significance of each outcome. The results were still consistent with our previous results from all 15 studies.

Discussion {#Sec15}
==========

This meta-analysis of 3 RCTs and 12 retrospective studies including 54107 patients comparing the ACDF with PCF showed that PCF had satisfactory clinical outcomes and comparative complication rate for cervical radiculopathy. However, a higher revision rate was also found in the PCF group.

Clinical outcomes {#Sec16}
-----------------

ACDF is a commonly performed surgical procedure for patients suffering from the neck and arm pain due to cervical radiculopathy. The clinical outcome of this procedure is good or excellent in the majority of cases and is hence thought to be the "gold standard" surgical treatment for degenerative cervical diseases \[[@CR31], [@CR32]\]. From 2010 to 2016, the data from a national database showed significantly more patients diagnosed with cervical radiculopathy underwent ACDF (more than 70%) compared with the number of patients who underwent cervical disc replacement (CDR) and PCF \[[@CR17]\]. ACDF remains the most common surgical procedure for cervical radiculopathy, and its utilization has remained consistent during recent years. A randomized controlled trial by Engquist et al. reported that ACDF can achieve great and rapid improvement in reducing neck disability, health state, neck pain, and arm pain \[[@CR4]\]. These scores continued to improve between the 2-year and 5- to 8-year follow-ups, whereas non-surgically treated patients showed no further improvement.

PCF can directly decompress the nerve root and achieve successful patient symptom resolution and improvement in patient quality of life \[[@CR33]\]. A telephone interview of 338 patients who underwent PCF with a mean follow-up of 10 years reported that approximately 90% of interviewees had improved pain, weakness, or function and 93% of patients were able to return to work after PCF \[[@CR30]\]. However, the narrow indication of PCF for unilateral upper extremity radiculopathy due to posterolateral or foraminal disk herniation or osteophyte, and the drawback of dorsal muscle dissection resulted from PCF mainly limited its usage \[[@CR33], [@CR34]\]. Recently, a minimally invasive surgery (MI-PCF) that uses a tubular retractor or a full-endoscopic system has been performed for the patients with cervical radiculopathy. The MI-PCF can share the advantage of open PCF, which maintain the cervical mobility while spare the problems related to extensive muscle dissection \[[@CR34], [@CR35]\]. Rutten et al. conducted a perspective study regarding the full-endoscopic PCF, and the 2-year results revealed that MI-PCF is a sufficient and safe procedure. Ninety-three percent of participants reported subjective satisfaction and would again undergo the same procedure. A meta-analysis has concluded that patients with symptomatic cervical radiculopathy can be effectively managed with either an open or MI approach, and the clinical outcomes between the two groups were equivalent \[[@CR11]\].

Various studies have tried to compare the ACDF with PCF for the treatment of cervical radiculopathy, but no consensus has been reached. Although many of them suggested the clinical results of PCF are equal to the conventional ACDF \[[@CR20], [@CR26], [@CR28]\], there are still some other studies that had a different conclusion. Scholz et al. \[[@CR19]\] reported a better overall outcome and greater relief of radicular and neck pain in the PCF group in a retrospective study. On the other hand, Herkowitz et al. \[[@CR25]\] recommended ACDF for the surgical management of anterolateral soft disc herniation because it can provide better long-term improvement than PCF. Our meta-analysis synthesized comparative data of these 2 surgical treatments and revealed that the pain and functional outcomes including VAS-neck, VAS-arm, and NDI were similar between treatment groups. Our results are consistent with the results of a systematic review published in 2016, which used only qualitative analysis without statistical combination \[[@CR36]\]. The systematic review also concluded the PCF was as safe and effective as the ACDF for the treatment of cervical radiculopathy. The two aforementioned meta-analysis comparing MI-PCF and ACDF also concluded that MI-PCF may be utilized as an effective alternative to ACDF for unilateral radiculopathy \[[@CR12], [@CR13]\].

Complications and reoperations {#Sec17}
------------------------------

According to our meta-analysis, the complication rate was equivalent between treatment groups. In a retrospective study including 1015 patients who underwent ACDF, postoperative dysphagia, hematoma, and unilateral recurrent laryngeal nerve palsy were the most common complications, while esophageal perforation was the most serious one \[[@CR8]\]. Urinary complications and wound complications were reported to be the most common complications following single-level PCF in a recent large sample review \[[@CR37]\]. They also found out that patients who received PCF in an inpatient setting showed significantly higher rates of wound complications, infection, acute respiratory failure, and urinary complications than patients who receive outpatient PCF. Increased incidence of surgical and medical complications in the inpatient PCF group may be attributed to the fact that inpatient patients have more comorbidities than outpatient patients. In addition, outpatient surgery could theoretically reduce the risk of nosocomial infections. Witiw et al. reviewed the data of more than 50,000 patients who underwent ACDF or PCF for single-level cervical radiculopathy from a US commercial health insurance claims database spanning 2003 to 2014 \[[@CR16]\]. They revealed that vascular injury, postoperative dysphagia/dysphonia, cerebrospinal fluid (CSF) leak, and deep venous thrombosis occurred in a significantly higher proportion of patients undergoing ACDF, while postoperative wound infection was significantly higher in the PCF cohort.

The overall reoperation rate was 7.59% in the PCF group, statistically higher than that in the ACDF group (4.05%). The reoperation cases in the PCF group were mostly operated at the same level due to persistent or reappearing radicular pain, whereas adjacent segment disease (ASD) was the most common reason for performing reoperation following ACDF. A retrospective long-term analysis in 374 patients undergoing 409 anterior cervical fusions reported a relatively consistent incidence of ASD of 3% per year \[[@CR6]\]. Symptomatic ASD may affect more than one fourth of all patients within 10 years after ACDF. On the other hand, some surgeons believe PCF could decrease the incidence of ASD. Clarke et al. \[[@CR38]\] retrospectively analyzed data obtained from 303 patients who underwent PCF for cervical radiculopathy. The rates of ASD were estimated to be 0.9% per year and 6.7% per 10 years following PCF. Skovrlj et al. \[[@CR39]\] calculated a similar rate of 0.9% per year for the cases of symptomatic ASD requiring reoperation following PCF. Although we could not do a quantitative comparative analysis based on the included studies, the reported rates of symptomatic ASD following PCF was indeed less than that following ACDF. The significantly increased range of motion adjacent to the operated segment after ACDF compared with PCF may contribute to the higher rate of ASD \[[@CR9], [@CR10]\].

Perioperative outcomes {#Sec18}
----------------------

PCF was associated with shorter operation time and shorter length of hospital stay according to our analysis. Compared to ACDF, a significantly greater proportion of patients in the PCF group underwent outpatient surgery or 1-day hospitalization after surgery \[[@CR16]\]. Mesregah et al. reported that outpatient single-level PCF was associated with a lower rate of perioperative medical and surgical complications compared with inpatient PCF, and PCF in the outpatient setting was suggested to be a safe procedure for the \[[@CR37]\].

Total hospital cost in the PCF group was significantly less than the ACDF group, the reason of which may be attributable to a greater proportion of PCF procedures occurring in the outpatient setting and an avoidance of the need for surgical implants \[[@CR16], [@CR27]\]. Given the comparable clinical outcomes for either procedure, PCF was considered to be more cost-effective than ACDF \[[@CR22], [@CR30]\].

Limitation {#Sec19}
==========

Our meta-analysis has certain limitations as follows. First, apart from the 3 RCTs which had small sample sizes, the majority of our included studies were non-randomized studies. Although the included studies were of relatively high quality according to the NOS assessment, we must acknowledge that further randomized controlled trials with high quality and more patients should be performed. Second, the majority of the cases in this meta-analysis were from Witiw et al.'s study \[[@CR17]\] and the data of their study was obtained from a commercial health insurance database, which was different from other studies. Although the sensitivity analysis revealed that the relevant results were consistent and stable, the potential heterogeneity raised from this study should be also aware. Third, rare studies reported the data of radiographic outcomes; hence, we could not compare the two treatment groups on a radiographic level.

Conclusion {#Sec20}
==========

Among patients with single-level unilateral cervical radiculopathy, PCF has comparable effectiveness and complication rate compared with ACDF. It seems that PCF is a sufficient alternative procedure with shorter operation time, shorter length of hospital stay, and less total hospital cost for the treatment of cervical radiculopathy. However, the higher reoperation rate following PCF should be also taken into consideration.
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